We report the crystallization study of CoFeB/MgO/CoFeB magnetic tunnel junctions using in-situ, time-resolved synchrotron-based x-ray diffraction and transmission electron microscopy. It was found that the crystallization of amorphous CoFeB electrodes occurs on a time scale of seconds during the postgrowth high temperature annealing. The crystallization can be well fit by the Johnson-Mehl-Avrami model and the effective activation energy of the process was determined to be 150 kJ/mol. The solid-state epitaxy mode of CoFeB was found to involve separate crystallization at different locations followed by subsequent merging of small grains, instead of layer-by- 9 To date, the highest TMR was observed in MTJs based on CoFeB and MgO, 10 which are also the most widely used systems among all the MTJs. One unique feature of the CoFeB/MgO/CoFeB junctions is that the coherent tunneling only occurs after the amorphous CoFeB layers crystallize in the ͑001͒ orientation during thermal annealing. In the socalled solid-state epitaxy ͑SSE͒ process, 11,12 the ͑001͒ textured MgO barrier serves as a template for the crystallization of CoFeB, thus forming the out-of-plane epitaxial CoFeB͑001͒/MgO͑001͒/CoFeB ͑001͒ sandwich structure.
Since the demonstration of room temperature ͑RT͒ tunneling magnetoresistance ͑TMR͒ in 1995, 1,2 magnetic tunnel junctions ͑MTJ͒ have attracted a great deal of attention due to the wide applications in hard-disk read head, 3 biosensor, 4 and magnetic random access memory ͑MRAM͒. 5 It was predicted in 2001 that a TMR of more than 1000% can be achieved in junctions with crystalline MgO barriers, 6 ,7 much higher than junctions with amorphous Al 2 O 3 barriers.
3, 8 Indeed, giant TMR ratios up to 200% at RT were realized in 2004. 9 To date, the highest TMR was observed in MTJs based on CoFeB and MgO, 10 which are also the most widely used systems among all the MTJs. One unique feature of the CoFeB/MgO/CoFeB junctions is that the coherent tunneling only occurs after the amorphous CoFeB layers crystallize in the ͑001͒ orientation during thermal annealing. In the socalled solid-state epitaxy ͑SSE͒ process, 11, 12 the ͑001͒ textured MgO barrier serves as a template for the crystallization of CoFeB, thus forming the out-of-plane epitaxial CoFeB͑001͒/MgO͑001͒/CoFeB ͑001͒ sandwich structure.
3
Therefore the half-metallic, slow-decaying ⌬ 1 band electrons give rise to the giant TMR effect through the symmetryconserved coherent tunneling. 6, 7 The postgrowth thermal annealing in MTJs has been extensively studied due to its apparent importance to achieve the giant TMR. [13] [14] [15] [16] Normally the annealing for CoFeB/ MgO/CoFeB junctions is carried out for one or two hours at temperatures between 340 and 500°C. However, both TMR and exchange pinning are subject to deterioration after such a long period of annealing, due to the diffusion of Mn, Ru, and other elements. 10, 13 Therefore, it is of great interest to investigate the crystallization rate of CoFeB to determine the optimal annealing time at different temperature for maximizing the TMR and minimizing the inter-diffusion. We have previously discovered that the giant TMR can be achieved in a very short time during annealing at 380°C. 17 Further study shows high TMR ratios can be developed even in seconds during annealing at higher temperatures. The rapid increase of TMR indicates that the crystallization of the amorphous CoFeB electrodes occurs on a time scale of seconds during the annealing. In this letter, we report the investigation on the dynamic structural evolution of CoFeB electrodes by the in situ, time-resolved synchrotron-based x-ray diffraction ͑XRD͒. The extremely high brightness of the synchrotron source allows us to capture the fast crystallization process of CoFeB in detail, which is hard to access by other common techniques. The crystallization rates at different temperatures were measured and the effective activation energy of the process was calculated. The growth mode of the SSE for the CoFeB was also determined by high resolution transmission electron microscopy ͑TEM͒. The MTJs in this letter have been fabricated using a six-source sputtering system with a base pressure of 5 ϫ 10 −8 Torr. The sample structures for transport and TEM study were Si/SiO2/Ta 7/Ru 20 /Ta 7/CoFe 2/IrMn 15/CoFe 2/Ru 1.7 /CoFeB 3/MgO ͑or Al 2 O 3 ͒ 1.1-3.2/CoFeB 3/Ta 8/Ru 10 ͑numbers indicate layer thickness in nanometers͒. After the fabrication of blanket films, the MTJs with the size of 5 -100 m were defined by photolithography and ionbeam milling. The MTJs were annealed in a rapid thermal anneal ͑RTA͒ system in a pure Ar atmosphere to study the evolution of TMR in very short time durations. The transport measurement was performed in the standard four-probe configuration on a probe station. The samples for the in situ structural study were deposited on glass substrates with structures of CoFeB 6 nm/MgO 10 nm/CoFeB 6 nm/Ta 5 nm. The synchrotron-based XRD was performed at beam line X-20C of the National Synchrotron Light Source, Brookhaven National Laboratory. A high-throughput synthetic multilayer monochromator and fast linear-diode-array detector, combined with an RTA chamber, allowed for data acquisition rates of up to 10 ms/frame. The wavelength of the x-ray is 1.797 Å. More details in the sample fabrication a͒ Electronic mail: wgwang1@gmail.com. and testing techniques are described by our previous publications. [17] [18] [19] [20] The TMR curves of the MTJ with the barrier thickness of 1.4 nm are shown in Fig. 1͑a͒ . The TMR in the asprepared junction is only 25%. Upon 15 s of annealing at 460°C, the TMR increases to 170%. The TMR further increases to 205% after annealing for 40 s and gradually approaches saturation after 100 s. This evolution of TMR very much resembles our earlier study at 380°C, 17 with a faster increase rate of TMR due to the higher annealing temperature. These results clearly indicate that the crystallization of CoFeB occurs in an extremely fast fashion at high temperatures. The -2 diffraction patterns of the unpatterned MTJ were measured before and after the annealing. As shown in Fig. 1͑b͒ , the only diffraction peak observed in the asprepared sample is the MgO ͑002͒ peak at 51°, indicating that the strong ͑001͒ texture formed on the amorphous CoFeB bottom electrode. 13 After annealing, the CoFeB ͑002͒ peaks show up at 79°. The absence of the ͑110͒ diffraction peak demonstrates that the CoFeB layers are oriented in the ͑001͒ direction due to the template effect of the MgO barrier.
The evolution of the CoFeB ͑002͒ peak was recorded every 0.5 s as shown in Fig. 2͑a͒ . It can be clearly seen that the CoFeB ͑002͒ peak intensity quickly evolves with time at the beginning of annealing. After the subtraction of linear background, the integrated peak intensity was calculated for each frame of measurement in Fig. 2͑a͒ . The volume fraction of the crystallized CoFeB, ␥ 1 ͑t͒, is estimated by 18, 21 
where I͑t͒ is the integrated peak intensity at time t, ␥ 2 ͑t͒ is the volume fraction of amorphous phase CoFeB and ␥ 1 ͑t͒ + ␥ 2 ͑t͒ = 1. The crystallization rate of CoFeB is determined from Fig. 2͑a͒ and plotted in the Fig. 2͑b͒ . It is evident that the crystallization takes place almost immediately upon annealing, with ␥ 1 ͑t͒ reaching 80% in about 50 s, then quickly approaches saturation. The nucleation and growth of a crystalline material from its amorphous phase during isothermal annealing is often described by the Johnson-Mehl-Avrami͑JMA͒ model 21, 22 
where n is a constant dependent on the nucleation and growth rate, is the incubation time, K is defined by the Arrhenius equation as K = K 0 e −E a /RT with constant K 0 and the effective activation energy E a for the amorphous to crystalline transition. The volume fraction of the crystalline CoFeB can be well fit by the JMA equation as shown in Fig. 2͑b͒ . The best fitted values for K, n, and are 0.056 s −1 , 0.55 and 6.2 s, respectively. From a series of measurements at different temperatures, one can further fit K with the Arrhenius equation as shown in the inset of Fig. 2͑b͒ . The effective activation energy E a of the crystallization process is determined to be 150 kJ/mol. This activation energy is smaller than the value of 200-400 kJ/mol in the conventional amorphous alloys such as Zr-Al-Ni-Cu, 21 presumably related to the template effect of the ͑001͒ MgO layer. It is worth mentioning that in many materials, the Avrami exponent n is usually between 3 or 4. 22 Here the best-fit value for our CoFeB/MgO/CoFeB junctions is between 0.5 and 1. It was reported that the smaller than unit Avrami exponent was obtained when diffusion was involved in the crystallization process. 21 This is in agreement with the case here since Boron is diffused out of CoFeB during thermal annealing. 15, 16 It should be pointed out that the crystallization rate determined above refers to the volume fraction of the crystallized CoFeB ␥ 1 ͑t͒. Spin-dependent tunneling is known to be an interfacial phenomenon. It was predicted that the TMR is extremely sensitive to the crystallization of amorphous electrodes at the interfaces. As a result, the crystallization of only one complete layer of the ferromagnetic electrodes next to MgO would give rise to a TMR that is ten times larger. 23 Therefore it is crucial to investigate whether or not we need to convert the volume crystallization rate to the surface crystallization rate in order to correlate ␥ 1 ͑t͒ to the evolution of TMR. It has been reported that there are two possible crystallization modes in SSE. 11, 12 One is the nearly layer-bylayer growth along the template and the other is the growth of separate columnar-like grains at different locations of the template followed by subsequent merging into a continuous layer. The latter is usually observed when the template contains defects and residue impurities. Apparently the dependence of coherent tunneling on ␥ 1 ͑t͒ is totally different under these two situations.
High resolution TEM study was carried out to differentiate these two growth modes. Figure 3͑a͒ shows the representative high resolution cross-sectional image for a sample annealed for 90 min at 420°C. Very good epitaxial structure of CoFeB͑001͒/MgO͑001͒/CoFeB͑001͒ layers can been seen with nearly full crystallization of CoFeB, consistent with previous findings.
3 On the other hand, in the sample annealed only for 3 min as shown in Fig. 3͑b͒ , the CoFeB films are clearly composed of both amorphous and crystalline grains. The as-deposited MgO barrier has a very strong out-of-plane ͑001͒ orientation as shown in the Fig. 1͑b͒ . However, in the film plane, the MgO crystal orientation is random with grain size of about a few nanometers 24 Therefore there are large amount of grain boundaries existing at the interfaces. It is very possible that CoFeB initially crystallizes at locations next to the well-constructed MgO ͑001͒ surface instead of some "less-clean" locations adjacent to grain boundaries or dislocations. The smaller CoFeB͑001͒ crystals then grow and merge into a continuous CoFeB layer under further annealing, similar to the ␣Si-Si system. 12 Based on the high resolution TEM study, we conclude that the CoFeB tends to assume the second type of crystallization mode of SSE. Therefore the evolution of TMR can be directly correlated with the volume fraction of crystallized CoFeB determined in the synchrotron study. Indeed, by inspecting Fig. 2͑b͒ , one finds out that about 75% of CoFeB is crystallized after being annealed for 40 s, which corresponds a TMR ratio about 70% of the maximum value. The very fast crystallization of CoFeB suggests that a dedicated hour-long annealing for promoting TMR may not be necessary in the future for applications such as MRAM. Instead, this annealing step can be possibly incorporated in the final back-end metallization process where the temperature is about 400-450°C. 25, 26 To summarize, we have characterized the fast crystallization of amorphous CoFeB electrodes in the CoFeB/MgO/ CoFeB junctions using the synchrotron-based x-ray diffraction and transmission electron microscopy. The crystallization rate can be well fitted by the JMA model. The effective activation energy for the crystallization process was determined as 150 kJ/mol. The growth mode of CoFeB ͑001͒ film was investigated by the high resolution TEM and the increase of TMR can be directly correlated with the growth of volume fraction of CoFeB during annealing. The crystallization rate determined will be useful not only in optimizing annealing time for device applications, but also in developing theoretical models for describing the evolution of TMR during annealing. FIG. 3 . ͑a͒ High resolution cross-sectional TEM image for the MTJ annealed for 90 min at 420°C and ͑b͒ high resolution cross-sectional TEM image for the MTJ annealed for 3 min at 420°C.
